Nanoscale phonon transport is a key process that governs thermal conduction in a wide range of materials and devices. Creating controlled phonon populations by resonant excitation at terahertz (THz) frequencies can drastically change the characteristics of nanoscale thermal transport and allow a direct real-space characterization of phonon mean-free paths. Using metamaterial-enhanced terahertz excitation, we tailored a phononic excitation by selectively populating low-frequency phonons within a nanoscale volume in a ferroelectric BaTiO 3 thin film. Real-space time-resolved x-ray diffraction microscopy following THz excitation reveals ballistic phonon transport over a distance of hundreds of nm, two orders of magnitude longer than the averaged phonon mean-free path in BaTiO 3 . On longer length scales, diffusive phonon transport dominates the recovery of the transient strain response, largely due to heat conduction into the substrate. The measured real-space phonon transport can be directly compared with the phonon mean-free path as predicted by molecular dynamics modeling. This time-resolved real-space visualization of THz-matter interactions opens up opportunities to engineer and image nanoscale transient structural states with new functionalities. DOI: 10.1103/PhysRevMaterials.1.060601
Nanoscale phonon transport is a key process that governs thermal conduction in a wide range of materials and devices. Creating controlled phonon populations by resonant excitation at terahertz (THz) frequencies can drastically change the characteristics of nanoscale thermal transport and allow a direct real-space characterization of phonon mean-free paths. Using metamaterial-enhanced terahertz excitation, we tailored a phononic excitation by selectively populating low-frequency phonons within a nanoscale volume in a ferroelectric BaTiO 3 thin film. Real-space time-resolved x-ray diffraction microscopy following THz excitation reveals ballistic phonon transport over a distance of hundreds of nm, two orders of magnitude longer than the averaged phonon mean-free path in BaTiO 3 . On longer length scales, diffusive phonon transport dominates the recovery of the transient strain response, largely due to heat conduction into the substrate. The measured real-space phonon transport can be directly compared with the phonon mean-free path as predicted by molecular dynamics modeling. This time-resolved real-space visualization of THz-matter interactions opens up opportunities to engineer and image nanoscale transient structural states with new functionalities. DOI: 10.1103/PhysRevMaterials. 1.060601 The continuous decrease in size and increase in unit density, operating speeds, and dissipation in nanoscale materials has led to the creation of devices in which the fundamental length scale of heat transport is no longer well-described by conventional thermal diffusion [1] . When the functional unit of a device, e.g., the channel of a transistor, is smaller than the mean-free path (MFP) of energy carriers, energy transport enters a new regime dominated by ballistic rather than diffusive processes [2] . Phonons, the major heat carriers, and their nanoscale transport in materials, underpin the fundamental energy transport processes and the operation of modern electronic and optoelectronic devices. Characterization of the MFP of phonons is crucial to a fundamental description of microscopic energy flow in materials and to practical applications [2, 3] . To access this ballistic regime on ultrafast time scales, optical excitation of engineered nanoscale structures was utilized to generate rapid local heating and the subsequent phonon transport was probed by optical [4] [5] [6] and x-ray [7] diffraction in reciprocal space. Although MFPs can be inferred from these measurements, a real-space tracking of energy transport such as lattice strain evolution is needed to directly characterize the spatially dependent structural * wen@aps.anl.gov dynamics that can be quantitatively compared with the firstprinciple calculations.
In contrast to optical excitation that typically leads to a broad frequency distribution of excited phonons, THz pulses with milli-electron-volt (meV) photon energy can selectively excite low-energy collective modes such as phonons, magnons, and eletromagnons [8] [9] [10] [11] , as well as manipulate electrical dipoles using the associated ultrafast electric fields. At THz frequencies, metamaterials can be used to manipulate THz radiation on a length scale orders of magnitude smaller than the THz wavelength [12] [13] [14] , providing a unique nanoscale control of collective modes in materials, e.g., phonon transport in alloy-based nanomaterials [15] . The extreme confinement and drastic enhancement of THz fields at nanometer (nm) dimensions enable transient spatial engineering and biasing of material properties on ultrafast time scales. For example, metamaterial-enhanced THz fields have been used to induce an insulator-to-metal phase transition in VO 2 thin films [16, 17] , to manipulate ferroelectric polarization [18, 19] , to drive nonlinear phenomena in GaAs [20] , and to achieve ultrastrong coupling of the cyclotron transition [21] . However, the spatial confinement of the enhanced field also makes it difficult to characterize these local and transient THz field-induced changes of material properties. As a result, probing material response following near-field-enhanced THz excitation usually relies on a macroscopic change of material properties [16] , rather than a direct and local characterization 2475-9953/2017/1(6)/060601 (7) 060601-1 ©2017 American Physical Society In this work, we demonstrate the control and imaging of nanoscale phonon transport in a prototypical ferroelectric. In particular, metamaterial-enhanced intense THz fields are used to create phononic excitations that selectively populate low-frequency phonons with long MFPs within nanoscale volumes. The resultant time-dependent strain distribution within a BaTiO 3 (BTO) epitaxial thin film is directly measured by time-resolved hard x-ray diffraction (XRD) microscopy [22] . Time-resolved x-ray imaging provides not only realtime characterization sensitive to local structural properties but also finer spatial resolution than what can be achieved with optical microscopy due to diffraction limit set by the optical wavelength [23, 24] . The evaluation of ballistic phonon transport in real space demonstrates a unique capability for studying nanoscale thermal transport beyond spatially averaged ultrafast probes [4, 5, 7, 25] and temporally averaged high spatial resolution probes [26] . We find that THz excitation produces a highly localized strain profile that broadens by a few hundred nm over a time interval of 100 ps. The broadening cannot be explained by diffusive thermal transport, but agrees well with ballistic phonon transport with a MFP of ∼500 nm, which is significantly longer than the frequency-averaged phonon MFP of 2 nm in BTO at room temperature [27] . The increase in the MFP is due to selective excitation of low-energy phonons with long MFPs by the THz field, in agreement with molecular dynamics calculations. On longer time scales, the recovery of the strain profile occurs by heat diffusion into the substrate. These measurements of the time-dependent strain profile constitute a direct visualization of the near-field THz interaction in a ferroelectric material and reveal in-plane ballistic phonon transport, resolving a long-standing characterization and imaging challenge.
The THz-pump/x-ray probe microscopy studies ( Fig. 1 ) were conducted at 7-ID-C beamline of the Advanced Photon Source (APS). A 90 nm-thick BTO thin film was grown epitaxially on a NdScO 3 (NSO) orthorhombic (110) single-crystal substrate by pulsed laser deposition. Split-ring resonators (SRRs) were fabricated on the thin-film surface using a photolithography lift-off method to pattern a 100-nm-thick gold film. The SRR occupies an area of 50 × 50 μm 2 with a 2.7-μm gap on each of the four edges. Intense THz pulses with a central frequency of 0.6 THz were generated using the pulse-front-tilt technique [28] at a 1-kHz repetition rate. The vertically polarized THz pulses were focused by a pair of off-axis parabolic mirrors onto the sample surface with a measured field intensity of 200 kV/cm at the focus using electro-optical sampling [29] . Horizontally polarized hard x-ray pulses from the APS storage ring with 11-keV photon energy and 100-ps pulse duration were focused onto the sample surface by a Fresnel zone-plate. The sample was mounted vertically as shown in Fig. 1 . In this configuration, the vertical spatial resolution along the x axis was determined by the x-ray full width at half maximum of 420 nm, although the horizontal spatial resolution along the y axis was approximately 2.5 μm due to larger x-ray horizontal beam size and the x-ray footprint at ∼16°incident angle.
We first characterized the strain distribution of the BTO film in the absence of THz excitation. Figure 2 (a) shows the diffracted 11-keV x-ray intensity recorded at the fixed incident angle of 16.09°on the lower angle side of the BTO 002 Bragg peak, while the sample was raster scanned along x and y directions. The lower diffraction intensity of the BTO film underneath the gold film is due to a shift of the Bragg peak to a higher angle. To assess this shift quantitatively, the BTO 002 Bragg peaks in the SRR gap region and underneath the gold film were measured. Figure 2 (b) shows that there is a 0.3% out-of-plane lattice contraction of the BTO film under the gold metamaterial. This strain variation due to the gold film needs to be subtracted in the time-resolved measurements as shown later.
The structural response of the BTO film following THz excitation was evaluated by comparing the 002 Bragg reflection measured at a fixed location of x = 1.5 μm and y = 0 within the SRR gap before and after the THz excitation. The THz excitation induces a shift of the Bragg reflection to a lower angle measured at a delay time of 100 ps after excitation [ Fig. 2(c) ], corresponding to a 0.04% lattice expansion along the out-of-plane direction. This is associated with a direct excitation of the ionic vibrational degrees of freedom in BTO by the intense THz field [18] . In Fig. 2(d) , the THz-induced diffraction intensity change at the x-ray incident angle of 16.09°is plotted as a function of delay. Since the diffraction intensity measured at the low-angle side of the Bragg peak is proportional to the angular shift of the diffraction peak for small strain, the intensity change can be converted to an out-of-plane strain, as shown by the right vertical axis in Fig. 2(d) . The peak intensity increases as the diffraction peak shifts to lower angles, and recovers on tens of ns timescales, in agreement with the thermal transport time scale from the thin film to the substrate [18] .
To gain insight into the localized interaction of the THz field and the ferroelectric, the diffraction intensity was recorded at a fixed delay time (100 ps) and diffraction angle (16.09°) while scanning the sample position. We subtracted the intensity map measured before the THz excitation from that measured at 100 ps to eliminate the static strain variation of the BTO film across the gap. The difference map thus only shows the THz-induced change of the diffraction intensity. The calibrated out-of-plane strain is shown in Fig. 3(a) , which corresponds to an estimated maximal temperature increase of 70 K using the measured thermal expansion coefficient [18] . The location of the gold SRR structure near the split gap could be obtained simultaneously by monitoring the diffraction intensity from the gold film, shown in magenta in Fig. 3(a) . The simultaneous measurement of gold diffraction intensity provides an independent and in situ characterization of the gold edge position, which is crucial to evaluate the sample position drift during data acquisition [30] . To study the evolution of the strain profile, we measured the one-dimensional strain profile along the dashed line in Fig. 3(a) at various delays, clearly resolving the double-peak strain profile and its recovery as shown in Fig. 3(b) . Beyond 100 ps, the magnitude of the strain decreases while the strain profile does not show any significant broadening. After the experiments, neither visual damage nor structural degradation of the sample across the gap was observed using optical microscope and micro-XRD measurements, respectively.
In order to understand the measured time-dependent strain profiles, we first calculate the THz field distribution at time zero, as defined by the arrival time of the peak THz field at the sample. The THz field distribution around the gold gap was simulated using a frequency-domain solver in the CST-Microwave Studio. The frequency of the THz wave in the simulation is 0.6 THz, which is the central frequency of the pump THz pulse [ Fig. 4(a) ]. The simulation includes the SRR, BTO film, and NSO substrate stacked in the order shown on the bottom of Fig. 3(b) . The THz peak field close to the edge of the gap is enhanced to 3 MV/cm in air. Considering the dielectric constant of BTO/NSO sample, the maximum THz peak field in the BTO layer is reduced to 1 MV/cm, corresponding to a factor of 5 field enhancement. The THz field distribution map in the BTO layer |E(x,y,z 0 )| is plotted in Fig. 4(b) , where z 0 = −50 nm, i.e., 50 nm below the gold surface shown as the dashed red line in Fig. 3(b) , in the middle of the BTO layer. To ensure the accuracy of the THz field distribution, we modeled the exact shape of the SRR unit as used in the experiment, based on the scanning electron microscopy image of the sample. To show the line profile of the electric-field distribution in the x-ray probed region, the field distribution is averaged along the y axis of the white rectangular box across the gap shown in Fig. 4(b) [30] . The averaged field distribution |E(x)| is plotted in Fig. 4(c) . In order to investigate the dependence of the THz field distribution on the incident THz frequency, the THz electric-field distribution is calculated at various frequencies across the incident THz spectrum. After normalizing the calculated results at different THz frequencies, we found the width of the peaks does not change significantly except for small variations of the plateau 060601-3 Based on the THz field distribution, we calculate the THz-induced strain, which is proportional to the absorbed THz energy [18] and thus is proportional to |E| 2 . This strain profile upon THz excitation is used as the initial condition for simulating the strain profile at t = 100 ps by a diffusive thermal transport model [30] . The simulation results are then convolved with the x-ray beam profile to produce the expected strain profile as a result of diffusive thermal transport, which can be compared with the experimentally measured strain profile by x-ray diffraction microscopy [ Fig. 4(d) ]. To characterize the double-peak width, the simulated profiles are fit by two Gaussian peaks and a plateau in the gap [30] . The average half width at half maximum (HWHM) of double peaks at 0.6 THz is 350 ± 10 nm (the error bar shows the fitting error). A similar fit shows the peaks of the measured strain profile have an average HWHM of 815 ± 57 nm, much larger than 350 ± 10 nm predicted by the combination of diffusive thermal transport with the electric-field calculation. Therefore, the measured double-peak strain profile is significantly broader than the expected strain profile as a result of diffusive thermal transport.
To understand the observed broadening of the in-plane strain profile, we first exclude possible measurement errors such as instrumental broadening due to larger x-ray spot size and the position jitter of the x-ray beam with respect to the sample. A careful consideration of these errors [30] supports that the mismatch between the simulated and observed strain profiles at 100 ps is due to the intrinsic response of the BTO film to nanoscale THz excitation. The fact that the measured strain profile is broader than the prediction of the thermal diffusion model indicates that the thermal diffusion processes alone cannot explain the observed broadening at 100 ps, and a faster in-plane strain transport process must play a role.
The broadening of the strain profile can be described based on a ballistic phonon transport process [2, 4] resulting from selective phonon excitation [31] . By approximating the strain front at the half rising point of the strain profile, the strain propagation speed can be calculated as the broadening of the HWHM from 350 to 815 nm, a 465-nm increase within 100 ps, which corresponds to a speed of 4.65 km/s. This gives a lower bound of the speed of propagation of the THz-excited phonon wave packet. The magnitude of this speed is much faster than the diffusive process and agrees with a ballistic thermal transport process in which the phonon wave packet travels at the speed of sound.
After 100 ps, the observed evolution of the strain profile is predominantly a thermal diffusive process. We employ thermal modeling of the diffusion process (COMSOL MULTIPHYSICS, COMSOL Inc.) with the sample geometry shown on the bottom of Fig. 3(b) to simulate the time-dependent temperature profile at various time delays [30] . We use the measured temperature profile at 100 ps as the initial condition shown as the black curve in Fig. 4(e) . The simulated time-dependent temperature profiles at different times are shown as other color curves in Fig. 4(e) . The shape and amplitude of the simulated profiles are in good agreement with the experimental results shown in Fig. 3(b) . Kinks in the simulated BTO temperature profile close to the gold edge shown at 10.1 ns are not observed at 1.1 ns because the thermal transport from BTO to gold is not significant within 1 ns.
We emphasize that the THz excitation is significantly different from optical excitation because hot electrons after electronic excitation by optical pulses excite a wide spectrum of phonon modes by electron-phonon coupling. The mechanism for the THz field excitation of the strain wave is due to direct coupling of the THz field to vibrational modes of BTO, exciting low-frequency optical phonons [11, 18] used here has a confined spectrum peaked around 0.6 THz with a cutoff frequency of 1.7 THz as shown in Fig. 4(a) . Therefore, the ionic heating of BTO is due to selective excitation of low-frequency phonons up to 1.7 THz, neglecting phonon up-conversion processes. In a comparison of THz excitation, optical pulses excite electron-hole pairs which subsequently transfer energy to the lattice to excite the optical and acoustic phonon modes via electron-phonon coupling and deformation potential [32] . At 100-ps time scales, the lattice temperature rises and the excited phonon spectrum follows the blackbody spectrum, which is peaked around 30 THz near room temperature. The subsequent phonon-phonon interaction excites nonequilibrium acoustic phonon modes that can have ns lifetime [33, 34] . Therefore, the optical pulses excite electronic degrees of freedom and result in a broad phonon spectrum, while the use of a THz field only selectively excites low-frequency phonons. Using near-field enhancement, this selective excitation is confined in a nanoscale volume as shown in Figs. 4(b) and 4(c) , allowing the creation of a nonthermal phonon wave packet with narrow-band low-frequency phonon population.
To gain insight into phonon transport upon selective THz excitation, atomistic modeling of BTO [35] [36] [37] [38] was performed to calculate the phonon band structure [35, 39] , the spectral group velocities, relaxation times [40] [41] [42] , and mean free paths of all phonon [30] . Figure 5 shows that the MFPs of lowfrequency phonons are significantly longer than the averaged 
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MFP of all phonon modes, consistent with previous molecular dynamics simulations [27] . Since x-ray specular reflection is only sensitive to the out-of-plane lattice strain, the measured strain broadening is dominated by the transverse acoustic (TA) phonon modes. We calculated the spectral-weighted MFP of the TA modes, MFP = ∞ 0 f (ω)MFP TA (ω)dω/ ∞ 0 f (ω)dω, across the THz excitation spectrum f (ω), marked by the light-green area in Fig. 5 . The result is 528 ± 25 nm, which qualitatively agrees with the broadening of the measured strain profile of 465 ± 58 nm. This agreement further supports the claim that the observed strain-profile broadening is a result of ballistic phonon transport [27, 43] . The combined experimental and theoretical investigation therefore demonstrates that energy transport processes can be effectively controlled at the nanoscales by engineering the excitation spectrum.
At later times, as shown in Fig. 3(b) , we did not observe further broadening of the profile. This suggests that the phonon MFP has an upper bound of ∼500 nm. Beyond this length scale, the dominant energy transport is through diffusive transport. The lack of further broadening of the strain profile after 100 ps directly supports the hypothesis that the in-plane heat transport transitions from ballistic to diffusive on a length scale of ∼500 nm. The observation of diffusive transport at long time-and length scales is consistent with the recent measurement of strain evolution upon localized optical excitation in BiFeO 3 films [44] , in which the excitation gradient on the length scale of 2 μm is longer than the MFP of optically excited phonons such that no broadening of the strain profile was observed. The lack of further broadening at later time also supports the direct excitation of phonon modes by the incident THz field rather than a thermal gradient. If the excited strain originated from a spatial gradient of the in-plane temperature profile, the excited acoustic phonon spectrum would be centered around a frequency v d ∼ 0.03 THz [45] , where d is the excitation gradient approximated as half of 1/e 2 width of the THz field distribution. These low-frequency acoustic phonons have much longer MFP on the order of several micrometers. The thermal excitation mechanism of the strain profile would thus yield a further broadening of strain profile at later times, which was not observed. In addition, the possibility that the excitation of the BTO film arose due to the heating of the gold surface by the THz field can be eliminated. This is because the temperature rise of the gold upon THz excitation is only a few degrees estimated using the deposition energy and heat capacity of gold, and the thermal transport from gold to BTO film takes place on much longer ns time scales.
In conclusion, we created and imaged a tailored phonon wave packet in materials using metamaterial-enhanced THz excitation. The selective excitation of acoustic phonons and the spatial confinement of this excitation is the key to producing a strain profile with a lateral extension less than the MFP of its contained phonon modes. We subsequently imaged the evolution of the strain profile in a ferroelectric BTO thin film by time-resolved hard x-ray diffraction microscopy. We found that, within 100 ps, the in-plane broadening of the strain profile was driven by a ballistic transport process on the hundreds of nm length scale, significantly longer than the average MFP of all phonons and can be directly compared with the predictions of molecular dynamics modeling. On ns time scales, the evolution of the strain profile followed diffusive thermal transport. These measurements have captured a fundamental nanoscale energy process that spans from ballistic to diffusive over nm to μm length scales and ps to ns time scales. The demonstrated technique opens up opportunities for manipulating nanoscale phenomena transiently using metamaterials and provides a tool for direct imaging of structural changes in real space. It also avoids the complication associated with the removal of samples under metamaterials in near-field THz-pump/x-ray probe experiments [19] . Future development, including enhancing the temporal resolution using x-ray free-electron lasers and spatial resolution using coherent x-ray diffraction imaging, will greatly extend the demonstrated spatiotemporally resolved capability to tackle problems in interdisciplinary research areas such as nanoscale energy transport, metamaterials and plasmonic enhancement, nanoscale imaging, and ultrafast materials science. 
